Abstract -Eucalyptus globulus is widely used in productive exotic plantations but the expansion of these plantations is limited by low temperatures, as its cold hardening capacity is limited (0.5 to 3.0
INTRODUCTION
Plant quality is a term used to describe the extent to which a nursery plant may be expected to successfully survive and grow after outplanting, this being heavily dependent on factors such as species and genetics, nursery culture and site conditions. Temperature is one of these factors because the cold-hardening process during the cold season induces morphological and physiological changes that influence both frost tolerance and plant quality [4, 37] . These changes allow plants to respond better to transplantation and coping with new environmental conditions. For Eucalyptus spp., the most widely grown commercial hardwood in the world (planted on about 15 Mha of land [2] ), various studies have been carried out on the effects of cold conditions on the hardening process [1, 9, 10, 22, 24, 33, 55] . In particular, Euca-* Corresponding author: nonoe@uhu.es lyptus globulus Labill. (planted on more than 1 Mha in the Iberian Peninsula [52] ) revealed low frost tolerance. This trait, along with water stress resistance, are the main factors that restricting crop areas because their plantations are limited to sites where minimum temperatures usually do not fall below -5
• C [40, 45, 47, 59 ].
In addition, nursery fertilisation plus the plants' mineral nutrients' content affect their quality [16, 30, 57] . It is also common to apply fertilisers during the plantation stage to encourage plant vigour, varying the dosage according to soil conditions [19] . Among the fertilisation regimes used in nurseries, nutrient-deprivation practices have been even proposed as a useful tool for strengthening plants against photodamage [10] .
It has been proven that eucalyptus responds to water stress, by modifying dry matter partitioning, leaf morphology and cell osmotic potential [49] . The resulting concentration effect on cell electrolytes of the last factor (osmotic adjustment) 866 M. Fernández et al. Table I . Maximum and minimum average temperatures (TMmax, TMmin), maximum and minimum absolute temperatures (Tmax, Tmin) and accumulated chill hours ≤ 8
• C (h 8 ), from the start to the end of the nursery assay. is thought to aid survival by reducing the risk of intracellular freezing, owing to the lowering of the cytoplasm freezing point, and by maintaining cell turgor [11] . These strategies contribute to increasing the resistance in later unfavourable situations such as water stress or frost. The plant nutritional state also contributes in part to this capacity [21] due to its effect on plant growth, root growth capacity, biomass partitioning, leaf area, photosynthesis and/or nutrient mobilization from old to current growth after outplanting [13, 42, 58] . This depends, however, on species, nutrient concentrations and contents [8, 57, 58] . Nevertheless, it still remains uncertain how fertilisation in nurseries influences plant quality and post-transplantation responses to low temperatures for most species [3] , including E. globulus [16] . Changes to fertilisation schedules in late summer and autumn can be a part of this hardening process [15, 28, 32] , by modifying quantities and proportions of the nutrients, particularly N, P and K. Therefore, it was hypothesised that N, P and K, supplied during the hardening stage in the nursery, affect plant quality and frosttolerance of Eucalyptus globulus Labill. To verify this hypothesis, morpho-physiological and growth parameters have been taken into account, as well as the field performance of plants one year after transplantation.
MATERIALS AND METHODS

Plant material
Seven month-old Eucalyptus globulus Labill. rooted cuttings were grown at the nursery of Grupo Empresarial ENCE, S.A. (San Juan del Puerto, Huelva, Spain), in SLC containers (Super-leach , 125 cm 3 , 3.5 cm diameter at the top, 22 cm long, 400 plants m −2 ) filled with a peat-bark pine mix (1:1 v/v). Four-leaf cuttings, 10 cm long, were placed in a greenhouse at [20] [21] [22] [23] [24] [25] • C, high relative humidity (> 80%). There was a natural photoperiod and the cuttings were well-watered. When they had formed roots, after two months approximately, they were taken to the nursery under a 60% shaded mesh, and three months later were exposed to full sun light. Fertiliser was applied once a week (10-2.5-5 + micronutrients). The cuttings were randomly collected from a group of 70 plus-trees from the breeding program at ENCE, S.A. In the second week of October 2004, they were taken to the nursery at the University of Huelva (La Rábida, Huelva) and maintained under a 50% shaded mesh. They were watered daily and fertilised once a week (Compo Universal liquid fertiliser, 7-5-6 + micronutrients) until the beginning of the experiment (nursery assay + field trial), which started in the last week of November. At the beginning of the nursery assay, the plants measured 26 .06 ± 0.57 cm in height and 2.83 ± 0.04 mm in stem diameter, the leaf nutrients' contents were 1.12% N, 0.08% P and 0.68% K. Freezing tests, as described below (Sect. 2.3), were carried out at -2, -4, -5 and -6
• C, and the results revealed that temperatures below -5
• C were lethal, with 100% of damage to the plant leaves. The maximum and minimum temperatures in the nursery 14 days before the start of the nursery assay averaged 22.2
• C and 12.7
• C respectively. Table I shows the temperature evolution during the 12-weeks nursery assay. The chill hours accumulated at the end of the nursery assay were 242 h (≤ 7
• C), 402 h (≤ 8
• C) or 670 h (≤ 10 • C).
Experimental design
The plants were randomly distributed among 24 trays (12 plants/tray). The three abovementioned nutrients (N, P, K) were considered as fixed factors. Each nutrient was applied in two different dosages, High (H-) and Low (L-), where L = 1/10 H. It allowed eight possible combinations of nutrient and dosage (Tab. II) in a balanced three-way treatment structure: -2 N treatments × 2 P treatments × 2 K treatments = 8 nutrient solutions, -8 nutrient solutions × 3 trays = 24 trays.
The trays were randomly distributed at the nursery and rotated weekly to avoid microclimatic differences. Treatment No. 1 (126 ppm N, applied in the form of NO − 3 ; 71.2 ppm P and 89.9 ppm K) was in the usual range used in the nurseries during the growing phase of the plants [28] . It was taken as a reference for calculating the dosage of nutrients applied in the other treatments. The remaining macro-and micro-nutrients were also added to the different nutrient solutions in similar quantities to avoid possible deficiencies. Fertilisation was carried out once a week from the beginning to the end of the nursery assay. Each tray was fertilised with its respective nutrient solution, whose dose was 804 cm 3 per tray (67 cm 3 per plant). Distilled water (8 μS cm −1 ) was added after every second fertilisation to recover any losses caused by evapotranspiration. At the end of each week, before continuing with the next fertilisation stage, the remaining nutrient solution in the root ball was removed by watering with distilled water, allowing it to leak through the hole in the bottom of the tray. The abovementioned process was then repeated. A check was made to ensure that the balls were permanently moistened to field capacity by the watering solutions. 
Measurements
As well as frost tolerance, other parameters such as morphology, plant growth, nutrients content and root egress were assessed. Additionally, the nursery assay was followed by a field trial to evaluate plant growth and survival after 12 months in the field. The parameters measured during the experiment were the following:
Morphology and growth
At the beginning of the test, ten plants were selected at random for each treatment (permanent sample). Their height (H) and diameter (D) were measured four times during the nursery assay (days 1, 28, 56 and 84), which made it possible to calculate the plants' absolute growth rate with regard to these two parameters (AGR H and AGR D respectively). Since we are dealing with very young nursery plants, which were measured over a short period of time (12 weeks), we believe that these two parameters are useful for assessing plant growth.
x 1 and x 2 are the parameter studied (i.e. H, D) between dates t 1 and t 2 respectively. At the end of the assay, six plants per treatment were selected at random from among the ten permanent plants and ovendried at 70
• C to constant weight. This was followed by measurements of the shoot and root dry weights (SDW, RDW respectively). Using these parameters, it was possible to determine the total dry weight (TDW = SDW + RDW), the shoot to root dry weight ratio (SDW/RDW), and slenderness (H/D).
Root egress from the root ball
This was carried out at the end of the nursery assay and involved five plants per treatment. The plants were taken out of their containers, making every effort to keep their root balls intact. White pre-existing roots (usually less than 5 and shorter than 2 cm long) grown out from each ball were cut [23, 56] . It was previously ascertained, using the plants harvested for the dry weight measurements, that there were not white roots inside the root ball at this time. After this, the plants were put in 2.5 L containers, filled with moistened perlite before being taken to a greenhouse with favourable temperature (25/18 • C, day/night) and humidity (40/80% relative humidity) conditions. The plants were watered daily and fertilised once a week with the solution from treatment No. 1. After three weeks in the greenhouse, they were removed from their containers. After careful cleaning, the length of the new roots from the root ball (root egress) was measured and classified under seven categories: 0 = no regenerated roots; 1 = several roots < 1 cm long; 2 = 1 to 3 roots > 1 cm; 3 = 4 to 10 roots > 1 cm; 4 = 11 to 30 roots > 1 cm; 5 = 31 to 100 roots > 1 cm; 6 = more than 100 roots > 1 cm. To determine their dry weight, the roots were then oven-dried at 70
• C.
Frost tolerance
This was determined through freezing tests at the end of the nursery assay, using excised leaves from five plants per treatment [3] . Full-expanded leaves were taken from the third or fourth whorl, below the terminal bud, and then exposed to the minimum temperature used in the test. Tests were carried out at temperatures of -6 and -7
• C. These minimum temperatures were set after carry out freezing tests at an earlier stage of the experiment at -2, -4, -6, -7 and -8
• C. The leaves (two leaves per plant) were placed in glass tubes measuring 2.2 cm in diameter and 15 cm in length. These were put into a standard freezer, which had been fitted with a temperature programmer (West 4400, ISE Inc., Cleveland, OH, USA) and two ventilators that allowed the air to pass around inside. The temperature was slowly (3
• C h −1 ) and progressively decreased from 15
• C until the predetermined minimum value for each test was reached. Once this value had been reached, it was then maintained for three hours and slowly (4 • C h −1 ) increased until reaching room temperature (the complete cycle lasted for a minimum of 16 h). The test tubes were then taken out of the freezer and distilled water was added (≤ 2 cm 3 ) until the cut sections of the leaf petioles were covered. The leaves were kept for one day in a growth chamber at temperatures of 25/17
• C (day/night), high relative humidity conditions (> 60%), and a photoperiod of 14 h. The resulting frost damage on the surface of the leaves could be visually observed the following day. Leaf damage (LD) was assessed by rating the leaves into 25% leaf damage classes [3] . This test was designed and put into practice following comparisons with other freezing tests (whole plant freezing test, electric conductivity of leaf discs and stem segments). The results of this test were previously calibrated to the whole plant freezing test for these kind of leaves, and proved to be faster and more precise and allowed us to test the same plant several times. The visual evaluation was clear: the leaves that had not been affected by low temperatures kept their green colour (5GY 6/10 to 7,5GY 5/6, Munsell ) and those that had been affected turned to a brownish colour (5YR 3/4 to 7,5YR 4/4, Munsell ).
Mineral nutrients (N, P, K) and non-structural carbohydrates (soluble sugars -SS-, starch -St-)
Once weighed, the six harvested plants were used for the purposes of analysing the macronutrients (N, P, K), soluble sugars (SS) and starch (St) content in both the shoot and root portions. The following analytical procedures were applied: elemental analysis for N (EA FLASH 1112 CHNS, CE Instruments Ltd., UK), blue-molybdate colorimetry for P, flame photometry for K (Flame photometer 410, Corning Ltd, Essex, England), hydro-alcoholic extraction and colorimetric titration with anthrone for soluble sugars [50] , and acidic hydrolysis, followed by titration with anthrone for starch [44] . A spectrophotometer (UVmini-1240, Shimadzu, Tokyo, Japan) was used for P, SS and St analysis.
Survival and growth in the field
In late February, once the testing period was over, ten plants per treatment were taken and planted 0.8 × 1.0 m 2 apart, in the field belonging to the Polytechnic School of the University of Huelva (Huelva, Spain 37
• 12' N, 6
• 54' W). Although the plot of land was flat, homogenous and small, it was divided into 5 sections or 'blocks' containing 2 plants per treatment each, to avoid possible microenvironmental effects. After 12 months, the height, stem diameter and survival of the plants were measured.
Data analysis
The effects of treatments (N, P and K) on the abovementioned parameters were assessed using the general linear model procedure (multifactorial ANOVA, SPSS 12.0, SPSS Inc.). The factors were considered to be fixed, with the model used being: y i jk = μ + N i + P j + K k + NP i j + NK ik + PK jk + NPK i jk + ε. Terms i, j, and k varied between 1 and 2. Data were checked for normality and homocedasticity. A repeated-measures ANOVA was used for H and D of the permanent sample. The block effect in the field assay was not statistically significant and was therefore eliminated from the model. The Tukey HSD test (Tukey Honest Significant Difference) was used as a means of comparison when differences were significant (p ≤ 0.05). Correlation analysis was used to examine the relationship between parameters.
RESULTS
Morphology, growth and nutrient content
Nitrogen was the more discriminating factor for most of the morphological and growth parameters (p ≤ 0.003), with the exception of RDW (p = 0.586). The highest values were for those treatments with more N (Tab. III). The effects of two other factors (P and K) and their interaction with one another were not significant (p ≥ 0.350). Although Table III only shows the average values for AGR for the entire nursery assay, differences among treatments were noticed from the start and became greater as the assay developed. On the other hand, correlation analysis revealed that dry weights (i.e. SDW, RDW, TDW) were strongly correlated to one another (r > 0.830, p < 0.001, n = 48), so we are going to focus only on one of them (TDW) henceforth. Moreover, these three parameters were correlated positively to AGR H (r ≥ 0.770, p < 0.001, n = 48) and to AGR D (r ≥ 0.610, p ≤ 0.068, n = 48).
The leaf's nitrogen concentration was highly influenced by the quantities of N in the watering solutions. At the end of the nursery assay, the average values of N in the leaves were 1.53 ± 0.20% and 0.89 ± 0.15% for H-N and L-N respectively (p < 0.001). However, the different amounts of P and K supplied with the watering solutions did not result in significant differences in the leaf concentration of these two elements (0.09 ± 0.02% P, p = 0.833, and 0.74 ± 0.18% K, p = 0.235, for all of the treatments as a whole). In respect of non-structural carbohydrates (SS, St), there were not significant differences for any of the factors (N, P, K) or their interactions (p ≥ 0.230). The average values in the leaves for all of the treatments were 4.89 ± 0.50% SS and 8.00 ± 0.65% St. Nutrient and carbohydrate concentrations in the roots revealed a similar pattern to the leaves. The average values in the roots for all of the treatments were: 0.12% P, 0.84% K, 3.62% SS, 8.16% St, and 1.03% N (1.19% N for H-N, and 0.87% N for L-N, p = 0.002).
Performance attributes
In terms of root egress, only factors N (p = 0.001) and P (p = 0.007) had a significant effect on new root growth (dry weight). The more of these nutrients there were in the watering solution, the more new roots were generated. Interactions N × P (p = 0.020, Fig. 1 ) and N × P × K (p = 0.015) were also significant. It is worth highlighting here that plants suffered 
more from a reduction of N than of P, because the positive effects of P were only noticeable when there was a high supply of N (Fig. 1 ). An evaluation of root egress growth using the established numerical code (categories) did not reveal significant differences between treatments for any factor (N, P or K). Nor were there significant differences in the interactions between them (p ≥ 0.200). The average value for all of the treatments as a whole for the numerical code was 4.88 ± 0.09. The freezing test at -7
• C caused a lot of damage in all of the treatments (LD 7 > 75%) and there were not significant differences between them (p = 0.827). At -6
• C, however, test results did differ significantly among treatments in relation to factor N (p < 0.001). Factors P and K and the interactions either with each other, or with nitrogen, were not significant (p ≥ 0.120). Plants that received a larger quantity of nitrogen (H-N) responded better to frost (LD 6 = 6.3 ± 6.3%) than those that received less (L-N, LD 6 = 85.0 ± 6.5%), regardless of the quantities of phosphorus and potassium provided.
Field response and correlation analysis
After one year in the field, those plants that had received more N in the nursery during the hardening phase revealed greater growth and survival rates (Tab. IV). While, for the factors P and K, there was a tendency towards lower values for treatments L-but the differences were not significant (p ≥ 0.127); nor were the interactions between the factors.
Plant survival (Sur 1 ) and stem diameter growth (D 1 ) in the field were significantly and positively correlated to one another. In addition, both positively correlated to the leaf nitrogen concentration at the end of the nursery period (N leaf ). The correlation of these three parameters to the leaf damage (LD 6 ) was negative (Tab. V). Plants containing less than 1.0% N in their leaves were more susceptible to frosts (≥ 60% LD6) and to field mortality (≤ 60% Sur 1 ) than plants containing more than 1.3% N, which showed more than 75% Sur 1 and a lesser damage by frost (≤ 25% LD6). The larger concentration of N in these tissues corresponded to those plants that had developed for longer in the nursery and had a greater proportion of biomass in their shoots (SDW/RDW). However, the concentration of P, K, SS and St did not correlate significantly to any other parameter. In terms of root egress, there were not significant correlations to other parameters, except total dry weight in the nursery. Larger plants revealed a greater capacity for root regeneration.
DISCUSSION
The fact that growth was significantly smaller in L-N treatments confirms once more the relevant role of this mineral on plant growth [35] . The concentrations of this element in leaf tissues have been taken into account when elaborating models of growth for Eucalyptus grandis [26] . In our experiment, leaf nitrogen values below 1.0% significantly prevented plants from growing. Adding more N to the watering solutions also influenced biomass distribution between shoot and root, typically favouring the former over the latter [39] . None of this excessively affected or damaged the plants [51] because SDW/RDW were positively correlated to growth and survival in the field. On the other hand, the lack of significant differences between treatments as a result of the effects of P and K led us to believe that the applied doses, even in treatments with lower quantities of these elements, did not affect growth or biomass distribution. Consequently, they did not behave as limiting nutrients in this experiment, as was obtained, at least for the P application, by Pinkard et al. [38] .
The average concentration of leaf nutrients in eucalyptus in Australian forests presents a traditional range of 0.80-1.50% N, 0.05-0.10% P and 0.50-0.80% K whereas, in plantations, it is usually 1.00-2.30% N, 0.05-0.15% P and 0.40-1.40% K [20, 36, 41] . In Spain, clones of E. globulus during the • C (LD 6 ). Root egress (RE). Leaf concentration of nutrients (N leaf , P leaf , K leaf ) and soluble sugras (SS leaf ). Total dry weight (TDW) and shoot to root dry weight ratio (SDW/RDW).
hardening stage in the nursery have revealed leaf nutrient levels of 1.2% N, 0.08% P and 1.04% K [16] , and 0.10% P and 0.79% K [7] . Besides, one year-old seedlings of E. globulus grown in a pot-culture experiment with an abundant or deficient supply of nutrients, had 2.10% N, 0.27% P, 1.05% K and 0.98% N, 0.14% P, 0.47% K, respectively [25] . Consequently, our values are within the normal range for cultivated plants and at the upper limit for values normally observed in natural forests.
In the case of potassium, a monovalent cation, with numerous important physiological functions, it is worth mentioning that it does not form part of the structure of the plant. Therefore, its effect on growth is not as noticeable as the effect of nitrogen and phosphorus, unless its content was reduced to below a critical value (i.e. to around 0.4-0.5% K in leaves) [12, 29] . It is possible that the quantity of K in this assay (0.74% in leaves) was higher than that critical value. This is just speculative, however; and it would therefore be advisable to determine standards of nutrient concentrations for the species under different growth conditions [41] and its relationships to cold hardening [3] . The results of our experiment could be considered a step forward to tackling the Diagnostic and Recommendation Integrated System (DRIS) for Eucalyptus globulus. This technique has been successfully used for forest species [43] , and it is very useful for identifying which nutrient or nutrients are more limiting, as well as illustrating nutritional imbalances.
If we consider that the optimal values of total non-structural carbohydrates (SS+St) are between 10-15% [34] , then the total average of SS and St found in this study was somewhere in between. The concentration of SS in leaves obtained in this test (4.9%) was similar other studies [6, 40, 46] but far from the 8.0% that this species is able to store when it carries out osmotic adjustment induced by water stress [14] . If this had taken place up to the latter level, frost tolerance would probably have been much greater due to the lowering of the freezing point [11] .
The new roots protruding from the root ball (root egress) are an indicator of plant vigour [5] and could be linked to the content of P, due to the effect of this element on metabolic processes and growth [31] . Using this parameter to predict the post-transplantation response of plants can have its limitations, however [48] . In our experiment, plants fertilised with greater quantities of P and N were more vigorous and had a better root egress. It is possible that the noticeably pronounced effect of N application on plants, to certain extent disguised the effect of P. It is worth mentioning that root egress revealed a certain level of correlation to Sur 1 , LD 6 and N leaf (r 2 > 0.27). Although this was not significant, it demonstrated that this parameter was an indicator of the physiological state of plants even though its usefulness for predicting post-transplantation responses was limited.
The enhanced nutritive state of the plants fertilised with a greater quantity of nitrogen made them more frost tolerant at the end of the hardening period. A high N level, however, has been reported as reducing hardiness [54] , or has been shown either to decrease frost hardiness in the fall or to accelerate cold dehardening in the spring [57] . Nevertheless, it is species dependent and, although a over-consumption of macro-elements is generally considered to reduce hardiness [3] , it is advisable to differentiate between optimal, suboptimal and luxuriant levels of N content and their relationships to cold hardening [3, 13] . For instance, Picea mariana needed at least 1.28% N in shoot tissues to ensure hardening, while, with 0.64% N, it did not harden and seedlings with 0.87% N showed a lesser degree of hardiness than those with 1.28% [3] . Besides, other factors such as K/N ratio [15] and P/N ratio [58] could be important in cold hardening and growth. If we examine the values of leaf N concentration in both ours and other related experiments [16] , we can observe that plants with more than 1.25% N responded to the freezing test significantly better than those that had less than 1.0%. It is possible that with N concentrations below 1.0%, this nutrient acts as limiting element and disguises the effect of other factors. Consequently, in order to determine the optimal concentration of these three nutrients in the hardening phase of the plants, it will be necessary to carry out further studies since it is known that sub-optimal levels of N, P and/or K can interfere with the process of hardening against frost [11, 13, 57] .
As our results did not show significant differences between N treatments in K and SS contents, the positive effect of Nfertilisation on frost tolerance would be explained with difficulty. When exposed to low temperatures, plant cells encounter three main problems; alterations in the availability and status of water (dehydration), changes in the spatial organization of biological membranes, and a retardation of biochemical and chemical reactions [27] . Freezing injury is regarded to be a consequence of membrane lesions that are caused by the dehydration that occurs during freezing [11] , although other factors may also contribute to the cellular damage induced by freezing. In general, the function of the solutes (e.g. SS) is to maintain turgor in dehydrating cells, but they may also have protective effects on macromolecules. Soluble sugars content is known to vary according to the hardening status of a tissue. Nevertheless, in addition to SS, woody plants could accumulate other solutes, such as amino acids, organic acids, glycosides and inorganic salts, when exposed to low temperatures [27] , that could explain the positive effect of N on cold hardiness. Besides, because the plasma membrane is thought to be the primary site of injury during freezing [11, 27] , most of the alterations are aimed at preserving the integrity of membranes. The lipid-protein ratio of cell membranes and the soluble protein concentration change during cold acclimation in a way that the threshold temperature of cell damage is lowered compared to non-acclimated plants [27, 53] . These proteins include apoplastic proteins having antifreeze activity, cryoprotective proteins, dehydrins, storage proteins, etc., and their concentrations may be increased by nitrogen fertilisation [27] . However, the function of many cold-induced proteins in eucalyptus species is not yet known.
Eucalyptus globulus reveals a certain capacity for increasing its frost tolerance, usually between 0.5 and 3.0
• C [1, 17, 22, 47] . Although the absolute value is not large (≤ 3 • C), it is enough to differentiate between genotypes with more or less frost tolerance [1, 17] . Low temperatures can be a major factor affecting the level of frost tolerance but, as we have seen, mineral nutrition also exerts a strong influence. Consequently, in the case of nursery plants, a balanced fertilisation regime that maintains the levels of leaf nitrogen concentration well above 1.25% will improve their rooting, survival and growth responses in the field, at least for the first season after fertilisation and for this type of plant material [18, 58] . As leaf N concentrations did not exceeded 1.65% in our experiment, thus no recommendations can be made on the upper limit of N concentration in relation to cold hardening and plant quality.
